Careful investigation of individual resonances shows that the addition of UBA2 induces a differential remolar ratio of 1:1 for the proximal Ub, and in the range of 2:1 to 5:1 for the distal Ub. In addition, significant sponse in the two Ub domains. In the following discussion, the Ub unit that carries the free Gly76 residue is signal attenuation was observed in several amides. The perturbations ( Figures 1A and 1B) are clustered in welldefined as the proximal Ub (this unit would be attached to a substrate), whereas the distal unit is that which defined regions that are similar for both Ub domains and are essentially the same as in monoUb:UBA comcarries the free Lys48 side chain. Starting at a UBA2:Ub 2 ratio as low as 0.4 ( Figure 1D Figure  1D ). Interestingly, Val70, Leu71, Leu73, and Gly76 are onances is observed for all amides. Signals do not begin to shift until significantly later in the titration, at the only residues in the distal Ub that are perturbed (Table S2 ) were used to UBA2 at a 1:1 molar ratio. Note that a 1:1 complex is formed under this condition (Figure 3) . A control NOESY define unambiguous distance restraints for the docking process. experiment, performed with UBA2 alone before adding Ub 2 , confirmed that signals discussed below were not Figure 5A shows the lowest-energy structure of the UBA2:Ub 2 complex obtained from this procedure (see intra-UBA NOEs resulting from incomplete deuteration. We observed NOE signals between methyl groups in the Experimental Procedures section). A number of the side chains identified in the NOE experiments are also Ub 2 (Table S2) and amides of Leu336, Ile338, and Gln339 (helix 2); Asn349, Leu350, Ala351, Ala352, and shown. The key feature of the complex, already predicted by qualitative consideration of the NOEs (above), Asn353 (helix 3); and Asp362 and Glu363 (C-terminus) of UBA2 (Figure 4) . As expected, all of these residues is that the UBA2 domain is sandwiched between the two Ub units. In effect, UBA2 is embraced by hydrophoshow chemical shift perturbations in the presence of Ub 2 (Figure 2) . bic surfaces on both Ub domains. UBA2-helix 2 forms contacts with the hydrophobic surface of the proximal To determine which Ub domain was responsible for the observed NOEs, we used a segmental perdeuteraUb, whereas UBA2-helix 3 is wedged in a pocket Cys48 of the distal Ub. Mapping the data onto the docked structure ( Figure 5D ) shows that the patterns of ( Figures 5B and 5C) As a further control, we titrated monoUb-V70A with patch, Val70, seems to play a unique role. To our knowl-UBA2. Although the mutation substantially weakened edge, Val70 has not previously been implicated as an UBA2 binding, the interaction was still detectable (Taimportant mediator of UBA:Ub interactions. Table 1 ). These results show that the presence and in residues close to the linkage in the distal Ub of Val70 on the distal Ub helps maintain UBA2's interac-(Val70, Leu71, Leu73, and Gly76; Figure 1A) . Table S2 ). It is nevertheless unlikely that diis stronger than to monoUb-V70A (Table 1, Figure S4) rect recognition of the linker region is solely responsible suggests that UBA2 still binds Ub 2 in the sandwich-like for the high-affinity interaction for several reasons. manner despite the disrupted Ub:Ub interface of the First, although significant perturbations are observed in double mutant. This mode of binding should be feasible the linker region in our titrations, strong perturbations given that there are other interactions between UBA2
are also observed at other hydrophobic Ub residues. and other regions (including the Gly-Lys linker) on each Second, the Ub 2 mutants used in this study still posUb's surface.
sess the Gly76-Lys48 linker, but the mutations reduce When the distal domain was mutated and labeled UBA2 binding affinity. Finally, a Gly-Lys linker is also (Ub 2 { 15 N-D}mut D ), there was a disappearance of the lag present in Lys63-linked Ub 2 , which binds UBA2 in a difphase seen during the titration of this domain in wildferent, monoUb-like mode. The higher affinity interactype Ub 2 , plus a shift to the fast exchange regime (Table  tion of Our data indicate that the same epitopes of UBA2
and Ub are involved in UBA2 binding to Ub 2 and Ub 4 .
[ Table S2 were used to define unambiguous inUb were expressed and purified as described in (Varadan et al., teraction restraints (used as loose constraints, 6 ± 1 Å) for the 2004). The UBA2 construct used in this study contains a full-length docking. In addition, distance constraints between Gly76 (distal UBA2 domain from hHR23a (SWS P54725), residues 315-363, with Ub) and Lys48 (proximal) were included to form the isopeptide an N-terminal extension (GSAAA) resulting from the fusion junction bond, as specified in van Dijk et al. (Table 1) 2000 structures were generated in the first step of rigid-body and Ub 4 chains were synthesized as described in Varadan et al.
energy minimization. The 200 lowest energy solutions from this (2002). NMR samples were prepared in a 20 mM phosphate buffer step were subjected to semiflexible annealing steps (that allow (pH6.8), 7% D 2 O, 0.02% NaN 3 .
atoms at the interface to move) and subsequently to explicit water refinement. The resulting structures were sorted according to intermolecular energy and clustered using a 1.5 Å cutoff criterion. This NMR Titrations resulted in an ensemble of 145 structures with the average RMSD All NMR titrations were performed at 24°C as a series of 
